Introduction {#S0001}
============

Chloramphenicol (CAP) is a broad-spectrum antibiotic with a historic use in all major food-producing animal species. The drug has been evaluated by a number of organisations (USFDA [@CIT0014]; IARC [@CIT0012]; EMEA [@CIT0010]), most recently in 2005 by the Joint Expert Committee on Food Additives at its 62nd meeting (Wongtavatchai et al. [@CIT0015]). CAP is a suspected carcinogen and due to its linkage with the development of non-dose-related aplastic anaemia in humans (Wongtavatchai et al. [@CIT0015]) the drug is banned for use in food-producing animals in the European Union (EU/37/[@CIT0009] 2010) and in many other countries, including the United States, Canada, Australia, Japan and China. A minimum required performance limit (MRPL) of 0.3 µg kg^−1^ was set by the European Commission for analytical methods to be used in testing for CAP in products of animal origin ([@CIT0002]/181/EC 2003), which is nowadays considered as a reference point of action (RPA) (EC/34/[@CIT0008] 2005).

In addition, CAP, as all antibiotics, is prohibited as a feed additive according to EC/1831/2003 (1831/[@CIT0001]/EC 2003). Traditionally, it is produced for commercial use by chemical synthesis (Wongtavatchai et al. [@CIT0015]), but it is biosynthesised by the soil organism *Streptomyces venezuelae* and several other Actinomycetes (Aouiche et al. [@CIT0003]).

In 2010, the detection of CAP in plants and soil of mainly Mongolian origin (Berendsen et al. [@CIT0006]) was reported and a first monitoring of CAP in European straw (*n* = 21) resulted in 57% positive samples with concentrations mainly below 1 µg kg^−^ ^1^, but the maximum level was as high as 11 µg kg^−1^ (Stolker et al. [@CIT0013]). More recent studies (Berendsen et al. [@CIT0004]) suggest that CAP can be produced in the soil by soil organisms and subsequently be transferred to crops. These findings make it a much more realistic prospect that products of animal origin can contain CAP residues that are not due to (illegal) use of the drug, but rather to its natural occurrence. Because straw is fed to animals to prevent ruminal acidosis (De Campeneere et al. [@CIT0007]) and is used as stall bedding for animal welfare, straw is a significant part of the livestock diet. All together the risk arises that animals ingest CAP-contaminated straw that might, depending on the level of intake, result in residues in animal products. Transfer studies in pigs showed that CAP is found in urine and plasma, and to a lower extent in kidney and muscle after oral administration (data not yet published). So far, transfer studies in calves have focused on the excretion though urine and yield contradictory results depending on the mode of administration of the drug (no data published). No data on the transfer of CAP to edible animal products, including milk and milk products, after low level intake have been published. Nevertheless, it is realistic that farmers could unjustifiably be convicted for illegal use of the drug and CAP residues might end up in human food products. For example, within the Swedish programme for official control of drug residues in food of animal origin, CAP was detected in pig urine and muscle in late 2012. During the work of tracing the contamination to feed and feed materials no illegal use of CAP was shown. On the contrary, CAP could be detected only in bedding straw. Three samples of wheat straw contained 2--4.5 µg kg^−1^ CAP, which might have been the origin of the CAP in the animal matrices. Clearly, information on the processes that influence the natural occurrence of CAP and additional transfer studies are urgently needed to address the CAP issue better.

CAP monitoring is regularly carried out within European Union member states in various products of animal origin, among which are urine, muscle and milk. However, only very limited monitoring is carried out in straw and, therefore, only little information is available on the extent of the CAP contamination regarding the fraction of positive straw samples and the CAP levels that are to be expected in naturally contaminated straw. Furthermore, no data are available on possible correlations between a positive CAP finding and the type of straw or its geographical origin. Because CAP contaminations are hypothesised to be related to natural processes, such data might give further insight into the factors influencing the natural occurrence of CAP.

This paper presents the results of two surveys focused on CAP in straw. First, a survey including 105 straw samples of various types and origin (all in north-west Europe) carried out in 2012; and second, a survey including 215 straw samples of various types, all taken from Sweden in 2013. The latter study was initiated after the above-mentioned findings of CAP in pig urine and muscle within the Swedish official control of drug residues in animal and food of animal origin. In this survey the exact geographical origin of the samples was registered, resulting in a unique and highly valuable dataset.

Experimental {#S0002}
============

Sample collection and preparation {#S0002-S2001}
---------------------------------

In the first survey, 105 straw samples were collected from north-western Europe, including the Netherlands, Germany, the UK, France and Denmark. These samples were sent to RIKILT (Wageningen UR, Wageningen, the Netherlands) for analysis. Samples were homogenised by cryogenic mincing.

In the second survey, 215 samples of cereal straw were collected by official district veterinarians at animal-producing farms all over Sweden. Samples of about 1 kg were sent to the National Veterinary Institute (SVA) in Uppsala, Sweden, and dried at \< 60°C under weight control overnight in a ventilated cupboard. All samples were ground on a hammer mill to pass a 1 mm screen prior to analysis. All results are presented on an as-is basis corrected for water losses during sample preparation.

Reagents {#S0002-S2002}
--------

Ethyl acetate CAS no. \[141-78-6\], p.a.

Methanol CAS no. \[67-56-1\].

n-Hexane CAS no. \[110-54-3\], p.a.

Chloramphenicol CAS no. \[56-75-7\].

ELISA-kit (Ridascreen Chloramphenicol, R Biopharm AG, Darmstadt, Germany).

Methods {#S0002-S2003}
-------

In the first survey, CAP was analysed by LC-MS/MS according to a previously published method (Berendsen et al. [@CIT0005]), with some minor adaptations. Cryogenically minced straw (2.5 g) was extracted using 20 ml Milli-Q water. After shaking using a rotary tumbles (15 min) and centrifugation (3000*g*, 15 min) the extract was applied onto SPE as described.

In the second survey, CAP was analysed with an ELISA kit designed for the analysis of CAP in food of animal origin. The analysis was adapted by adding 20 ml deionised water to 2 g ground straw in a 50 ml polyethylene centrifuge tube and was left for 30 min at RT. A total of 10 ml ethyl acetate were added and CAP was extracted on a rotary shaker for 20 min followed by centrifugation at 3700*g* for 20 min. A total of 2 ml of the supernatant was evaporated to dryness by a stream of dry nitrogen. The dry extract was reconstituted in 1 ml hexane and re-extracted into the buffer solution from the ELISA kit by liquid--liquid partition on a vortex mixer for 1 min followed by centrifugation for 1 min at 1000*g*. A total of 50 µl of the lower phase were transferred to a well in the ELISA plate and the content of CAP was then determined as described for the ELISA kit.

In addition, 26 samples were analysed by LC-MS/MS for confirmation (see above). These included all samples with ELISA results of CAP \> 8 µg kg^−1^ (*n* = 7) as well as a selection of samples with lower ELISA results.

Results and discussion {#S0003}
======================

In the first survey, CAP was analysed using LC-MS/MS. As SRM was chosen as the technique to use, in order to detect CAP at levels as low as reasonably possible, this concerns a targeted analysis. Also, in the present study the focus was on freely extractable CAP only; neither CAP metabolites nor bound CAP, if any, were included in the analyses. In order to confirm the relevance of this assumption, a few positive straw samples were analysed using an additional hydrolysis step using ß-glucuronidase/arylsulphatase (VWR, Radnor, PA, USA) during extraction aiming to hydrolyse CAP glucuronides. No significantly different quantitative results were obtained and, therefore, it was concluded that CAP was present in its free form and that no hydrolysis is needed to obtain accurate quantitative results. It remains questionable if freely extractable CAP (after cryogenic mincing) remains the only relevant form in general, but it is beyond any doubt that the analysis of only free CAP yields useful surveillance data.

In the first study, CAP was detected in 36 straw samples, of which 20 were \> 0.1 µg kg^−1^. The highest level was 6.3 µg kg^−1^, the average 0.6 µg kg^−1^ and the median 0.2 µg kg^−^ ^1^, demonstrating the uneven distribution of the drug among the samples. In [Table 1](#T0001){ref-type="table"} the samples and the results are grouped according to the country of origin. No relation between CAP content and the region, nor the type of straw was observed.

In the Swedish survey ELISA was used for screening purposes. This was done by adapting a kit designed for the analysis of food of animal origin for use with straw. The sensitivity of the ELISA assay is fit for purpose for analysis of CAP in food of animal origin; limit of detection is ≤ 0.3 µg kg^--1^ for meat and other major foods. Preliminary data (unpublished) indicated a somewhat lower sensitivity when analysing straw, so it was decided to set a cut-off value of 1 µg kg^−1^ for the detection of CAP in straw in this study. To verify the ELISA results, 26 samples (including all containing CAP \> 8 µg kg^--1^ by ELISA) were selected for confirmatory analysis by LC-MS/MS. The results from this method comparison are presented in [Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}. It can be observed that the ELISA method overestimated the low values (minimum detected level was 0.6 µg kg^--1^) giving rise to a number of 'false-positives' compared with LC-MS/MS where samples apparently free from CAP were present (LOD = 0.05 µg kg^--1^). This might be explained by cross-reactivity of trace amounts of structurally similar compounds, as is also sometimes observed when applying this test in animal feed testing (Hsieh et al. [@CIT0011]). Of the 'validation' set consisting of 26 samples, five were erroneously classified as having a CAP content of more than 1 µg kg^--1^ by ELISA analysis. Considering the high throughput and relatively inexpensiveness of the ELISA method, the drawback of a number of false-positives may be accepted when the method is used for screening purpose. More important, from the small validation study, it was concluded that the ELISA analysis did not produce any 'false-negatives' indicating that applying the combination of ELISA and LC-MS/MS yields trustworthy results.Figure 1.ELISA data plotted against LC-MS/MS data with linear regression statistics. Figure 2.(colour online) Box--Whisker plot of the results of analysis of CAP by LC-MS/MS (LOQ = 0.1, LOD = 0.05) and ELISA (minimum observed level = 0.6) respectively. All values are in µg kg^--1^. Boxes represent second and third quartiles with median (horizontal line) and mean (×) indicated.

The geographical distribution of the sampling points is presented in [Figure 3](#F0003){ref-type="fig"}. The density of sampling points also represents the general distribution of grain producing areas in Sweden. CAP was detected in 54 of the samples representing all types of straw. The highest level of CAP detected was 32 µg kg^−1^, which is high compared with earlier findings by Stolker et al. ([@CIT0013]) who found a maximum of 11 µg kg^−1^ and compared with the Western European study reported in the present paper where the highest level was 6.3 µg kg^−1^. The distribution of CAP throughout the different samples was very uneven, with 161 samples below the cut-off of 1.0 µg kg^−1^ as defined for the ELISA test and an average of 3.3 µg kg^−1^ among the 'positive' samples whereas the corresponding median value was 1.8 µg kg^−1^.Figure 3.Geographical distribution of samples with indication of CAP content. Open circles: \< 1 µg kg^--1^; grey circles 1--10 µg kg^--1^; black circles \> 10 µg kg^--1^.

In [Table 2](#T0002){ref-type="table"} the samples and the results are grouped according to botanical species of straw; in [Table 3](#T0003){ref-type="table"} the results are grouped according to the sample's origin (county). Barley straw was the most common species representing about half of all samples, which also reflects the fact that much of Swedish grain is grown for the purpose of feeding animals. In fact, only for straw of barley (*N* = 106) and of wheat (*N* = 46) were there enough samples to be systematically evaluated. The degree of contamination, i.e. CAP \> 1 µg kg^--1^ by ELISA, was 28% for the barley straw samples and 26% of the wheat straw samples. Thus, in accordance with the first survey, no clear relation was observed between CAP content and type of straw. On the contrary, when considering the relation between CAP content and region, some interesting observations may be made. Most CAP positives were detected in straw from the county of Skåne in the southern part of Sweden, which is also the major pig production region of Sweden. Clearly this area is at the highest risk for CAP-containing straw. In general, most CAP positives were detected near the east coast and on the isle of Gotland, which might suggest a relation with climate, but definite conclusions cannot be drawn from this survey only.Table 1.Summary of results of content of chloramphenicol in straw sampled in Northwest Europe grouped per country of origin.CountryNumber of samplesNumber of CAP containing samples (\> 0.1 µg kg^−1^)Highest content of CAP (µg kg^--1^)Average content of CAP (µg kg^--1^)Median content (µg kg^--1^)The Netherlands75256.30.70.3Germany13440.40.2France1440.20.20.2UK220.20.20.2Denmark111\< 0.1\< 0.1 Table 2.Summary of results of analyses of chloramphenicol in cereal straw sampled at Swedish farms.SpeciesNumber of samplesNumber of samples with CAP \> 1 µg kg^--1^Highest content of CAP (µg kg^--1^)Average content of CAP (µg kg^--1^)Median content (µg kg^--1^)Barley1063021.5 (31.7^a^)1.5\< 1Wheat461210.7 (18.0^a^)1.1\< 1Oats2924.1 (0^a^)\< 1\< 1Triticale811.3 (--)\< 1\< 1Unspecified bedding straw2093.2 (2.4^a^)1.1\< 1[^1] Table 3.Regional distribution in Sweden of straw samples containing more than 1 µg/kg CAP.County where CAP was detectedNumber of samplesNumber of Samples with CAP \> 1 µg kg^--1^Highest content of CAP (µg kg^--1^)Skåne503220Gotland3332Västra Götaland2442Uppland1622^a^Hälsingland714^a^Östergötland1633Halland1112^a^Västerbotten712^a^Södermanland1311^a^Värmland1221^a^Blekinge1021^a^Kalmar811^a^Dalarna1111^a^[^2]

Conclusions {#S0004}
===========

A commercially available ELISA kit for the analysis of CAP was demonstrated to be a high-throughput and efficient screening tool. The tendency of slight overestimation of low contents giving rise to a number of 'false-positives', may be accepted since the absence of 'false-negatives' still ensures safety regarding the possible presence of CAP in animal feed.

This study furthermore shows that CAP may occur naturally in widespread areas of Northern and Western Europe, and at levels that may be of significance for production of food of animal origin. The highest level of contamination, 32 µg kg^−1^ is more than 100 times the RPA set in the legislation of European Union. The biology of the formation of CAP in arable soil is largely not understood and thus more research is needed in order to predict and possibly control the presence of CAP in cereal straw and other plant material.
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[^1]: Note: ^a^Figures in parentheses represent confirmed contents quantified by LC-MS/MS.

[^2]: Note: ^a^Not positively identified and quantified by LC-MS/MS.
